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INTRODUCTION 
The bulk method of handling milk on the farm has become widely 
accepted and is used by an estimated 120,000 milk producers in the United 
States (l). Since its inception in 19b0, the economy of bulk handling 
has been a primary factor influencing this acceptance. 
This modern method of handling milk involves collecting the produc­
tion of the dairy herd in a large refrigerated tank, commonly termed the 
farm bulk milk tank, and holding it for future movement in bulk to the 
milk processing plant. Usually the milk is pumped from the tanks of 
several producers into a single tank truck for the movement to the plant. 
Agitation of the milk in farm bulk milk tanks is an important process. 
Agitation is necessary to provide rapid cooling of warm milk delivered to 
the tank at milking time. The agitation reduces temperature gradients 
within the milk and increases the thermal conductance film coefficient 
at the tank wall-milk interface, both promoting rapid cooling. Between 
milkings, agitation is used to maintain uniform milk temperatures. 
Agitation is also necessary to mix the milk thoroughly before pickup by 
the tank truck so that a representative sample of the milk may be obtained 
for butterfat analysis. 
The mixing for sampling is very important, since payment for the milk 
is based on the butterfat content of the samples removed from the tank. 
Difficulty has been experienced in the design of agitation equipment to 
accomplish this mixing satisfactorily, as well as the mixing for the other 
purposes mentioned, since attention must be given to milk quality as well 
as to the usual considerations of tank size, tank configuration and liquid 
2 
properties. 
Tank Size and Configuration 
The number of days' production stored in the tank, as well as the 
maximum daily production, both influence the tank size used. In 1957, 
every-other-day pickup was used on approximately 85 percent of the bulk 
tank routes in the United States (1). Usually tanks are sized to hold 
one milking above that required for the pickup schedule used (13). 
Farmers considering expanding the size of their herds usually allow tank 
capacity for the anticipated increased production. Summarizing the 
influence of these factors on tank size, two surveys in 1957 indicated 
that over 50 percent of farm bulk tanks were in the 200 to 300 gallon 
size range (1). Approximately 2 percent were 100 gallons in size; while, 
at the other extreme, tanks as large as 2000 gallons have been manufac­
tured for farm use (2). 
Most bulk tanks are rectangular in shape as viewed from the top. 
The rectangular design fits well in conventional milk house floor plans, 
and with the refrigeration compressor mounted at one end, forms a neatly 
packaged system. Tank cross sections range from rectangular to circular. 
The circular section is used for relatively few tanks, these being chiefly 
vacuum type tanks used with some pipeline milking machines. In this 
case, the circular section is used because it is best suited to withstand 
the differential air pressure exerted on the tank walls. For structural 
simplicity and ease of cleaning, rectangular and U-shape cross sections 
are most commonly used for tanks operated at atmospheric pressure (13). 
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Physical Properties of Milk 
Sommer (23) has presented a comprehensive chemical and physical 
description of milk including a list of properties pertinent to mixing. 
According to Sommer, milk is a highly complex liquid system consisting of 
from 85 to 88 percent water by weight. Salts and lactose are dissolved 
in this water and together with colloidally suspended casein, albumin and 
globulin constitute from 8 to 10 percent of the milk's weight. The 
remainder of the milk is butterfat which is usually 3 to 5 percent of the 
total weight. 
Sommer further noted that the fat is rather coarsely dispersed in 
milk in the form of globules with 80 to 90 percent of them falling within 
the 2 to 6 micron range. If milk is viewed through a microscope having a 
magnification of approximately 100, the dissolved and colloidally suspend­
ed material appear as one continuous phase and the fat globules as a 
dispersed phase. The continuous phase or milk serum has a density of 
approximately 1.036 grams per cubic centimeter, while the density of the 
fat globules is approximately 0.930 grams per cubic centimeter under bulk 
tank mixing conditions. The density difference of the two phases results 
in motion of the globules with respect to the continuous phase when 
pressure gradients are imposed upon the milk, such as by gravity. 
The motion of the globules between periods of agitation in a bulk 
milk tank is also influenced by clustering of the globules. Clayton (5), 
in a review of the work of several investigators, noted that approximately 
spherical clusters of butterfat globules form in undisturbed cool milk. 
Based on the rate of ascension of up to one inch per minute, it was calcu­
lated that clusters contain approximately 50 percent milk serum in the 
h 
interspaces between globules. The mechanism by which the globules are 
held together continues to be a subject of study, but the action of a 
milk protein, euglobulin, has been identified as the chief factor. 
Due to the clustering, appreciable stratification of butterfat occurs 
in bulk tanks. After 2 hours of creaming, Liska and Calbert (12) found 
that some samples taken near the surface in two tanks were more than U.5 
percent higher in butterfat content than the average values for the tanks, 
Viscosity is another property related to the mixing of milk. 
Whitaker et al. (25) studied the viscosity of both milk serum and whole 
milk with capillary tubes calibrated with water. At 5 degrees centigrade, 
viscosities of 2.96 centipoise for the milk serum and 3.25centipoise for 
the whole milk were found. The viscosities changed more with temperature 
than does the viscosity of water. They explained this on the basis of 
increasing hydration of the milk proteins with decreasing temperature. 
The viscous behavior of cream has been studied by Clayton (5). He 
noted that cream exhibits varying degrees of non-Newtonian behavior. 
Measurable indications of possible plastic or pseudoplastic behavior were 
found through extrapolation of data obtained with various viscometers to 
zero rates of shearing strain. The deviations from Newtonian behavior 
have been found to be small for cream containing less than UO percent 
butterfat, and Leviton and Leighton (11) have found the viscosity of 
cream relative to the viscosity of milk serum to be given by the relation: 
•• *V3 , 4 11/3 In = 2-5 
M LA » + M 
where /< 1 = viscosity of the cream 
M * viscosity of the milk serum 
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// 11 = viscosity of the butterfat 
<jt> = volume fraction of butterfat. 
Milk Quality 
Generally the quality of milk handled with bulk tanks is superior 
to that handled with cans (lU). The rapid cooling obtained with bulk 
tanks has served particularly to improve the bacteriological quality (1$). 
It is necessary, however, that the tank surfaces in contact with the milk 
be very clean prior to loading, even though rapid cooling reduces bac­
terial growth. To aid in cleanliness, finely finished surfaces and 
filleted corners are required by 3A Standards (9). Agitator shape and 
construction must be simple to satisfy these requirements, as well as to 
permit visual inspection of tank and agitator surfaces. 
Agitation requirements for cooling are especially critical. March 
(lit) investigated the influence of agitation on milk quality and found 
that the degree of déstabilisation of butterfat in bulk tanks is usually 
limited to the formation of créamy flakes. In extreme cases with warm 
milk, however, the formation of butter flakes was noted. Also damage to 
the films surrounding the butterfat globules was thought to permit the 
lipase enzyme contained in the milk to act upon the butterfat and cause 
rancid flavors. Thus, the agitation of the warm milk must not be so 
intense as to cause rancidity or déstabilisation of the butterfat suspen­
sion, while, on the other hand, sufficient agitation must be provided to 
insure that the cooling rates specified by the 3A Standards (9) are met. 
Although authorities do not agree as to the extent of damage, it is 
generally agreed that intense agitation of warm milk must be avoided. 
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Koch and Neasham, as reported by Ludington (13, p. 6), have found 
excessive agitation responsible for rancidity and recommended the use of 
2-speed agitation equipment with the higher speed for rapid mixing of the 
cold milk for sampling prior to pickup by the tank truck. 
Excessive agitation in cooling of milk with single speed agitation 
equipment appears to result from overestimating the agitation equipment 
requirements for sampling. The 3A Standards (9, p. 190) specify that: 
Agitation shall be provided of sufficient degree to 
assure homogeneity within five minutes of operation . . . 
Many manufacturers use agitation equipment capable of mixing in much less 
than 5 minutes. For example, Liska and Calbert (12) in a field study 
found that samples obtained after 60 seconds of agitation from all 11 
tanks tested were representative of the fat contents of the tanks within 
0.1 percent fat. March (lU) found similar results for 30 out of 1+0 
tanks tested. 
In light of the many uncertainties regarding the effect of agitation 
on milk quality, perhaps even with 2-speed equipment, agitation of milk 
should be limited to the level necessary to the function it serves con­
sistent with a reasonable agitation time. Difficulty in doing this is 
encountered, since the relationships between level of agitation and 
duration of agitation for adequate mixing for sampling are not known. 
Lud ington (13, p. Ii5) stated in 1958: 
Agitation of milk in a bulk milk tank is one of the most critical 
of p11 operations which must be done. No engineering work has 
been published on agitator speed or design. It is assumed that 
the manufacturers of bulk milk tanks have conducted tests before 
they install a certain agitator but none of this information is 
available. 
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REVIEW OF LITERATURE 
Theory of Mixing 
The specific problem of mixing for butterfat sampling in bulk milk 
tanks has not been treated from a theoretical viewpoint in the literature. 
However, some of the existing theories and concepts of mixing should 
apply. Such work applicable to the mixing of milk has been done by 
Dankwerts (6) who considered mixing which neither involves size reduction 
nor mass transfer between phases. He distinguished between coarse and 
fine-grained mixtures on the basis of the size of particles relative to 
the minimum size of regions of segregation in the mixture, which would 
cause it to be regarded as imperfectly mixed. 
The coarse-grained mixture may be illustrated by considering the 
case of a volume of particles randomly located in space where the sub-
volume or sample volume cf interest is comparable in size to the total 
volume divided by the number of particles contained in the total volume. 
In this case, due to the random location of the particles, the number 
of particles contained in the samples will vary from the mean particle 
concentration. In the case of fine-grained mixtures, the subvolume of 
interest must be very large in comparison with the volume associated with 
each particle, resulting in the same over-all mean particle concentration 
for each sample or subvolume. The absence of concentration fluctuation in 
a fully randomized, fine-grained mixture makes it uniform for the prac­
tical purpose involved. 
Milk may be considered as a fine-grained mixture for the bulk tank 
mixing problem, since the butterfat sample volumes used are nominally 50 
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milliliters and embrace several million fat globules, even when dis­
counting less than 2 microns in diameter. 
Two complimentary quantities, intensity and scale of segregation, 
were proposed by Dankwerts (6) for studying and describing imperfections 
in fine-grained mixtures. Scale of segregation is a measure of the size 
of regions containing relatively uniform concentrations of the components 
of the mixture but which differ from the mean concentration of the entire 
volume, while intensity of segregation refers to the magnitude of the 
concentration deviation in these segregated regions from the mean concen­
tration. These quantities have been particularly useful in describing the 
importance of relatively small scale deviations or spottiness in mixtures, 
where a combination of intensity and scale of segregation determine the 
quality of the mixture. For example, if the scale of segregation is small 
higher intensity of segregation may be acceptable; but if both scale and 
intensity are large, the mixture may be unacceptable. 
While molecular diffusion is ineffective in reducing intensity of 
segregation in the mixing of milk, the larger scale diffusion inherent to 
turbulent flow is effective. The detailed analysis of turbulent flow is 
complex, and has been based largely upon assumptions regarding eddy size 
and correlation of velocity fluctuations. Insight as to the mechanism of 
momentum transfer and diffusion of mass in turbulent flow has been 
provided through analysis of the Reynolds equations as discussed by Siao 
(22). In rectangular coordinates, these equations are: 
where f = fluid density 
M * fluid viscosity 
u = component of mean velocity 
u* * component of fluctuation velocity 
X - component of body force 
P • mean pressure 
x = coordinate. 
The subscript 11 i" indicates the component being considered and "j" indi­
cates repeated operations. It was noted that these equations differ from 
Navier-Stokes equations for steady flow only by the additional terms 
3 ^  u i u j. j2ie bar over the velocity fluctuation products indicates 
5 XJ 
average value with time. 
By integrating the Reynolds equations over an arbitrary volume V 
enclosed by a surface S within the flow, the time rate of change of linear 
momentum within this volume is 
"3 x. " 
M X. d V 
d S 
d n 
where "n" is the outward normal direction to the surface S. The second 
integral on the left is the term which accounts for the turbulence portion 
of the rate of change of momentum within the volume. This momentum flux 
is sometimes referred to as the rate of momentum diffusion and, as indi­
cated by the three integrals on the right hand side of the equality, is 
influenced by body forces acting within the volume and the mean pressure 
3 X j U; 
P d S  +  
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and viscous stresses acting on the surface of the volume. For momentum 
diffusion to occur, mass must also diffuse through the volume surface. 
This diffusion of mass is the part of the mixing process which decreases 
the intensity of segregation. 
Although the Reynolds equations aid in the understanding of turbulent 
flow, particular solutions for flow problems are extremely limited since 
six unknown products of fluctuation velocity components appear in the 
equations in addition to the usual mean velocity components. With only 
the Reynolds equations and the continuity equation available, additional 
relationships are required for the solution of turbulent flow problems. 
For the special case of isotropic turbulence, statistical treatment of the 
velocity fluctuations has been used to provide some of these relationships. 
Statistical work based on the isotropic assumption and the Lagrangian 
concept of fluid motion is discussed by Siao (22). 
The analysis of mean velocity and of shear in turbulent flow has been 
simplified through the use of assumptions regarding the influence of mean 
flow upon velocity fluctuations. Prandtl, as discussed by Siao (22, p. 
298), assumed that these fluctuations are influenced by the velocity gra­
dient of the mean flow and the distance traveled by elements of the fluid 
perpendicular to the mean flow. Further assumptions concerning the in­
fluence of boundaries upon this distance traveled are necessary. However, 
more rational estimates can usually be made of this distance or mixing 
length, than of the velocity fluctuations themselvest The application of 
this method to a new problem usually involves experimental checking of the 
assumptions involved. The method has been useful as a research concept, 
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but not as a general basis for direct application of mathematical analysis. 
Experimental Mixing 
The complexity and, in some cases, indeterminate nature of the anal-
of mixing based on the laws of fluid motion has led most investigators to 
study the over-all performance of mixing systems and to correlate empiri­
cally this performance with the independent variables of the systems. 
This philosophy was expressed by Danckwerts (6, p. 355) in the following 
remark concerning mixing processes: 
Progress in this field is likely to depend less on analytical 
treatment than on well planned experiments, regulated by physi­
cal insight and the use of dimensional analysis. 
Work done by Brown et al. (U) is an example of this approach to mixing 
problems. He examined the influence of mixing on heat transfer to the 
liquid in jacketed cylindrical tanks. The dimensionless quantities cor­
related in this study were the Nusselt, Prandtl and Reynolds numbers. 
These results demonstrated the fallacy of the common rule of thumb used in 
the design of mixing systems, which states that equal agitator power per 
unit volume should be used for similar results regardless of system size. 
Other important studies have been conducted by Rushton et al. (21) to 
determine the power characteristics of mixing impellers. In this work the 
influence of the Froude and Reynolds numbers upon the power number was 
investigated for many impeller types operating in cylindrical mixing tanks. 
The results indicate independence of the power number and Froude number for 
mixing systems arranged so that little vortexing of the liquid occurs. The 
power number was also found to be independent of Reynolds number for highly 
turbulent mixing with negligible vortexing. 
Some investigations have been made concerning the influence of various 
mixing system parameters on the mixing of milk. Unfortunately these inves­
tigations have been largely restricted to checks on particular systems. 
For example, Li ska and Calbert (12) as well as March (lU) drew milk samples 
after various periods of agitation from commercially manufactured bulk milk 
tanks to determine the time required for sufficiently complete mixing as 
indicated by the Babcock test. No systematic attempt was made to isolate 
factors which caused mixing rates to vary from one tank to another. 
In examining various arrangements for the air agitation of milk, 
Dunkley and Perry (7) compared their air systems with mechanical agitation. 
The detailed specifications of some of the mechanical agitators were not 
noted. Presumably the comparisons were intended to show only the approx­
imate effectiveness of air relative to common mechanical agitation. Water 
with cheese color added was used in some of the tests to simulate cream. 
Samples of the mixture were analysed with a colorimeter. Some agreement 
of results was noted between the mixing of simulated and real milk. In a 
companion report, Perry and Dunkley (19) describe the use of an indicator 
solution to simulate milk and an acid solution to simulate cream. Visual 
observation of a complete color change was used as the criterion for 
complete mixing. 
Kramers et al. (10) also used experimental techniques in studying the 
mixing of two miscible liquids. Concentrated dissolved electrolyte was 
injected near the surface of a weaker solution in the mixing tanks. Elec­
trical conductivity cells were used for measuring the difference in elec­
trolyte concentration at two locations. The length of agitation time 
required to reduce the difference in electrolyte concentration between the 
measuring locations to within 0.1 percent of the mean concentration was 
called the mixing time and was used as the dependent variable. Considering 
the fact that this mixing time was relatively small compared with the time 
required for molecular diffusion to reduce the scale of segregation in the 
mixtures, it appeared to Kramers _et al. that the results of their research 
may apply approximately to the mixing of liquids that are slightly immis­
cible. 
For the rapid, highly turbulent mixing investigated, Kramers' results 
showed the mixing time to be inversely proportional to the rotational speed 
of the mixing impeller. Shorter mixing times were obtained with systems 
which included features for reducing the tangential swirl of the liquid, 
such as tank baffles and eccentrically mounted agitators. 
Oldshue et al. (17) studied the mixing of a layer of cold water with 
a layer of hot water in large cylindrical tanks equipped with side-
entering propellers. They considered the influence of agitator power on 
mixing time. Thermocouples were used for measuring temperatures in the 
mixing tanks, and complete mixing was assumed to correspond with uniform­
ity of liquid temperature. Mixing time was found to be inversely propor­
tional to power supplied to the agitator. This result does not agree with 
the work by Kramers et al. (10) when power is related to propeller speed 
through the results of Rushton _et al. (21) which show the power to be 
proportional to the cube of agitator speed. 
Dimensional analysis was used in the organization of research con­
ducted by Van de Vusse (2U) on the mixing of miscible liquids. Van de 
I k  
Vusse considered only cylindrical tanks and proposed that a relationship 
of the following form applies to this mixing: 
7 = f nd^, C n^d^, d, H 
. -Y- AÇ gH û D 
where J = ratio of pumping capacity of the impeller to the 
volume of liquid being mixed all multiplied by 
the mixing time 
n = rotational speed of the impeller 
d = rotational speed of the impeller 
Y* = kinematic viscosity of the mixed product 
Ç = density of the mixed product 
= density difference of the two liquids being mixed 
g = acceleration of gravity 
D = tank diameter 
H = liquid height. 
The use of pumping capacity in the T term was justified on the basis of 
preliminary tests which indicated that this quantity alone was sufficiently 
descriptive of impeller type for the analysis of turbulent mixing. 
For the experiments, layers of water were placed over either dilute 
solutions of acetic acid or glycerol. In measuring the mixing time used in 
the dimension!ess J" term, use was made of the refractive index difference 
between the mixed liquids. Inhomogeneity was indicated with a Schlieren 
arrangement by which light rays from a point source would appear on a 
screen only when refractive index gradients were present in the tank. The 
time elapsing between starting of the agitator and the disappearance of the 
image on the screen was taken as the mixing time. 
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Various relationships of the form 
1"? nVl 
a 
= fi f2 
L A Ç gHj 
.Y" . _ d 2 « 5  H° * 5 .  
were used to correlate the data. J was found to be nearly independent of 
p p 
nd for values of nd greater than 1000 to 10,000. Depending upon the 
Y Y" 
type of impeller used, "a" was found to be between 0.2$ and 0.35. Van de 
Vusse concluded that approximately equal agitator turns are required for 
complete mixing in geometrically similar turbulent systems. 
Many detailed investigations of the influence of agitation on the 
suspension of initially settled, particulate solids have been made. Work 
by Oyama and Endoh (18) typifies the method of approach commonly used. In 
their investigations, proportionality was assumed between particle velocity 
relative to the flow and mixing energy per unit volume supplied, based 
on the rate of solution of sugar grains. Using this assumption, a propor­
tionality constant for drag on the particle was calculated, and the ratio 
of this drag to the effective gravity force on the particle was formed. 
The influence of this ratio on suspension of the particles was investi­
gated experimentally for various particle sizes and densities as well as 
for different mixing tank sizej. A light source and a photoelectric tube, 
both externally located with respect to the tank, were used to measure 
the relative degrees of suspension obtained. 
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OBJECTIVE 
The objective of this study was to investigate experimentally with 
models the influence of certain parameters upon the agitation time required 
to obtain uniform mixtures in bulk milk tanks. The parameters were those 
describ-ing the liquid, agitator and tank. 
17 
PROCEDURE 
Dimensional analysis and the theory of models as discussed by Murphy 
(16) were used in organizing the study. A mqjor problem involved in this 
experimental approach was that of finding a suspension to simulate milk 
satisfactorily. After a suitable suspension was found, instrumentation was 
developed for use in measuring the uniformity of the suspension. Construc­
tion of model tanks and related agitation equipment was followed by testing 
of the models. 
Dimensional Analysis 
Certain variables pertinent to the mixing of milk were considered. 
These variables which may be expressed in dimensions of length, L; mass, 
M and time, T are as follows : 
Variable 
Agitation time required to obtain 
uniform mixture 
Angular agitator velocity 
Tank and agitator geometry 
Density of continuous phase 
Density of dispersed phase 
Viscosity of continuous phase 
Interglobular bonding tension 
Globule diameter 
Volume concentration of dispersed 
phase 
Acceleration of gravity 
Symbol 
t 
GO 
I 
e  
f" 
M 
E 
0 
Dimensions 
T 
1>—1 
L 
ML'3 
ML"3 
IJEL-1T"1 
MT -2 
LT -2 
According to the Buckingham Pi Theorem (16), the number of dimensionless 
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and independent quantities required to express a relationship among the 
variables is equal to the number of variables minus the number of dimen­
sions in which the variables may be measured. Thus (10-3) = 7 quantities 
are required. 
For this study one possible set of seven quantities were used in a 
relationship of the form: 
co t = f  r  eco a2, ou 2i, p t j  , t d  
. x g E f r i. 
The dimensionless quantities <£ 2 and JL are widely used in mixing 
M g 
investigations and are commonly called the Reynolds and Froude numbers 
respectively. The quantity ^jC3 is analogous to the Weber number as 
E 
discussed by Rodger et al. (20), except that the energy required in sepa­
rating previously formed globules is represented rather than the energy 
required to form new globular surfaces. 
Since the relationship of the form indicated above is general, it 
should apply to any system such as a model system in which out is a 
function of the same dimensionless quantities. Therefore, if the dimen­
sionless quantities influencing the mixing in a model system are made equal 
to those of a prototype system, the value of go t found for the model should 
also apply to the prototype system. 
It was noted, however, that it is impossible to satisfy simultaneously 
two of the dimensionless quantities, the Reynolds number and the Froude 
number, with two different sizes of equipment when using milk with the same 
properties in both. 
19 
Model Emulsion 
Based on the dimensionless quantities influencing the mixing of milk, 
a search was made for a model suspension that would provide the following 
advantages over milk: 
1. Permit reduction in the size of equipment needed for the 
experiments. 
2. Permit use over extended periods of testing without 
instability such as through bacterial and enzyme activity. 
3. Provide a standard suspension which could be readily 
reproduced, thus avoiding the variations found between 
batches of milk. 
Several suspensions were investigated including finely ground sodium 
acetate in carbon tetrachloride, hollow glass microspheres in water and 
various oil in water emulsions. An emulsion prepared by passing refrig-
12 i 
erator oil and a 0.75 percent detergent solution through a colloid mill"' 
was found to be the most satisfactory. The densities of the oil and of 
the water comprising this emulsion most closely approximated the densities 
of the corresponding two phases in milk. Also the clusters of the oil 
globules formed during the creaming of shallow depths of this emulsion rose 
slowly, requiring approximately one hour to form cream with oil concen­
trations corresponding to that of rich cream. 
Oil globule size as well as volume concentration of the globules were 
controlled in the preparation of the model emulsion to correspond to values 
commonly found in milk. The refrigerator oil was supplied from a constant 
'''"Cappella D" manufactured by the Texas Company. 
2 
"Breft" manufactured by Proctor and Gamble. 
^1.5 horsepower, type LP, manufactured by Manton-Gaulin Manufacturing 
Company. 
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head tank with the flow rate adjusted to 5 percent of the mill capacity. 
Sufficient detergent solution was supplied from another tank to maintain 
full capacity flow through the mill. The rotor-stator spacing on the mill 
was set at 0.02$ inches, to provide globule diameters largely in the 2 to 
6 micron range. A photomicrograph of the emulsion is shown in Figure 1. 
Physical properties 
For measurements of the viscosity and the density of the continuous 
phase of the model emulsion, samples were drawn from near the bottom of a 
container in which a one-foot depth of emulsion had been allowed to cream 
for 6 hours. The samples contained 0.$ percent oil by volume so finely 
dispersed that gravity was not effective in producing further measurable 
separation. For this study, these samples were assumed to represent the 
continuous phase. 
The viscosities of the samples were measured as described in Appendix 
A using both capillary and rotating viscometers. Figure 2 shows the 
kinematic viscosity values obtained over a small range of temperatures. 
The density of the emulsion samples was measured using pychnometer 
bottles. A density of 1.9U26 slugs per cubic foot at 70.5 degrees Fahr­
enheit was found with a variation of less than 0.1 percent from this value 
over the temperature range 66 to 76 degrees Fahrenheit. 
Pychnometer bottles were also used to measure the density of the 
refrigerator oil used in the nodel emulsion. The values of densities 
obtained for four oil temperatures are: 
Figure 1. Photomicrograph of emulsion (Scale in millimeters) 
Figure 2. Emulsion kinematic viscosity vs. temperature 
68 70 72 74 
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Temperature, °F. Density, slugs 
per cubic foot 
69.8 1.7669 
72.8 1.76U1 
75.2 1.7616 
77.0 1.7606 
If was found that for a 12-inch depth of emulsion, one hour of cream­
ing resulted in the formation of a cream layer which contained an oil 
concentration corresponding to the butterfat content of rich cream. To 
measure the viscous behavior of this emulsion cream, a sample containing 
39 percent oil by volume was drawn from the cream leayer and tested in the 
rotating viscometer. The viscous behavior of the emulsion cream for 
various rates of shear was similar to that of sucrose solutions as shown 
in Figure 22, Appendix A. 
It was further noted that the viscosity of the emulsion cream relative 
to the emulsion serum at 68 degrees Fahrenheit was U.h. Using the equation 
proposed by Leviton and Leighton (11) given on page 5, the predicted 
relative viscosity of milk containing 39 percent butterfat is It.8. With 
this degree of agreement, the emulsion appeared to be satisfactory as a 
simulated milk from the stand point of the influence of the dispersed phase 
upon viscosity. 
Length scale 
In establishing a length scale for the model equipment, it was 
necessary that the liquid temperatures in both the model and prototype be 
known. A milk temperature of 36 degrees Fahrenheit was assumed for the 
prototype. A model emulsion temperature of 70 degrees Fahrenheit was 
selected on the basis of the agreement in values of P ' 1.7665 n nnn 
T = I7TO = °'909 
2b 
for the model emulsion and _ 1.802 _ n oQo for milk. 
T" ~ " ' 9 
The length scale was obtained through consideration of the following 
expressions for Reynolds and Froude similarity: 
f m&m^m2 = P p W p  s£p 2  c o n ?  if  m = cop^sZp 
M m //p 9m 9p 
where the subscript "m" indicates model variables and the subscript "p" 
indicates prototype variables. Eliminating 6Jp between the two equations 
^ m 
and noting that g^ = g^, the following expression for the length 
scale was found: „ _ 2/3 
/ p 
I m 
p ? r m 
For mixing temperatures of 36 and 70 degrees Fahrenheit in prototype and 
2/3 
model respectively, the length scale value was found to be|33_^o = 2.0 
based on the kinematic viscosity of skim milk given by Whitaker et al. (25) 
and on the kinematic viscosity of the model emulsion serum from Figure 2. 
For the length scale of 2.0, it was noted from the model and prototype 
Froude numbers that the corresponding velocity scale was: 
„L 
if r /p]2 = i.m 
•£. m .  
WP%P = 
W m f  m  
For the range of agitation velocities planned for the investigation, it was 
assumed that the influence of the dimensionless term fCO would be 
E 
negligible due to the small interglobular bonding forces in both the model 
emulsion and milk. 
Model Tank and Agitator 
A model tank and agitator were constructed with consideration for the 
length scale, = 2.0. The basic tank was 29.1 inches wide, Ul.O inches 
£ m 
long and lU.O inches high. Plate glass, 7/32-inch thick, was used for the 
sides and bottom of the tank. The tank frame was made of aluminum 
L-sections riveted together. The plate glass was set in the frame with 
aquarium cement and then further sealed with a l/8-inch fillet of rubber 
base cement applied to the inside corners of the tank. A movable plate 
glass partition 29.1 inches wide and lh.O inches high was used to provide 
variation in tank length from the basic tank length of Ul.O inches. Rubber 
gaskets were attached to the edges of the partition to provide a liquid-
tight seal. Figure 3 shows the model tank and movable partition. 
A rail was supported 18 inches above the tank and an adjustable 
agitator drive assembly was mounted on the rail. The agitator drive 
assembly consisted of a l/ii-inch electric drill motor, a 3/8-inch steel 
agitator shaft mounted in two babit bearings, and pulleys with a connecting 
belt. This drive assembly was mounted on a piece of square steel tubing 
which fitted over the rail for ease in moving the agitator to various 
locations within the tank. Speed of the motor was controlled with an 
aut©transformer. The arrangement of the equipment is shown in Figure it. 
Various sizes of agitator paddles were constructed. As may be noted 
in Figure $, a 3/8-inch nut was welded to each paddle to provide a means 
for securing the paddles to the lower threaded end of the agitator shaft. 
Ins trumentati on 
The feasibility of using electrical probes to measure the oil concen­
tration of the model emulsion during mixing was investigated. It was 
thought that the wide difference in resistivities of the oil and the 
detergent solution would provide a highly sensitive indication of volume 
Figure 3• Model tank and movable partition 
Figure lu Model tank, agitator and instrumentation 
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concentration. Clayton 5> p. 177) had cited some experiments which 
indicated that the resistivity, r, of a suspension of small nonconducting 
apheres in a medium of resistivity, r^, is given by the expression 
r rl 4> where é> is the volume concentration of the spheres. 
27IF- = T 
Three probes with different electrode configurations were constructed 
and tested in a one-quart Waring blender. Each probe had two stainless 
steel electrodes. The three configurations were as follows: perforated 
plates, concentric screen-wire cylinders and parallel wires. With each 
probe, an alternating current bridge arrangement was used to measure the 
impedance of the emulsion between the electrodes. 
Before mixing, the emulsion was left undisturbed in the blender for 
approximately one hour,thereby allowing many of the oil globules to rise 
and form a cream layer. The impedance was measured before and after mixing 
the creamed emulsion. For all probes, resistance was found to increase by 
approximately one percent per one percent increase in oil concentration. 
The equivalent shunt capacity was found to decrease by approximately 1.5 
percent per one percent increase in oil concentration. Frequencies of 
0.2, 2.0 and 20.0 kilocycles were used. Slightly less response was obtain­
ed for 0.2 kilocycles than for the higher frequencies. 
Because of the small disturbance to the flow caused by the probe with 
parallel-wire electrodes, it was selected for use in this investigation. 
The probe is shown in Figure 6. The electrode wires extended one inch 
beyond the end of the glass tube. The glass tube was 15 inches long and 
0.165 inches in outside diameter. The wires inside the tube were separated 
with a polyethylene sleeve on one wire. Both ends of the tube were sealed 
Figure 5. Agitator paddles 
Figure 6. Probe with parallel wire electrodes 
3 0  
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with an epoxy-resin cement. The l/32-inch diameter wires were spaced 
l/32-inch apart and held with a drop of cement on the end of the wires 
and the seal at the end of the tube. 
Indicating equipment 
A Brush Universal Analyser1 and a Brush oscillograph2 were used to 
indicate the impedance of the emulsion between the probe electrodes. The 
instrumentation was further developed to permit the use of three parallel-
wire probes and related bridges on the same,Brush Analyser. This was 
accomplished by providing automatic switching of the three bridges to the 
Brush Analyser. 
The schematic diagram for the circuits is shown in Figure 7. The 
fixed resistances Rl, Rli and R? were 70 ohms each while R2, R£ and R8 were 
1j.99 ohms each. The use of unequal legs reduced the power dissipation in 
the emulsion with little decrease in sensitivity. The variable bridge 
resistors and capacitors were 0-1000 ohm and 0-1.000 microfarad decade 
boxes, respectively, and were used for initial bridge balancing before mix­
ing. The resistor, RIO, and a large electrolytic capacitor, Ci;, were used 
on relay B to provide a switching rate for the stepping relay A of 0.6 
seconds. The middle rotary switch of the gang of five switches was used 
to switch an event marker, thereby providing a reference mark on the oscil­
lograph chart to indicate the beginning of a sequence of bridge reading. 
The actual stepping switch used was a 22-position, five-pole switch; 
seven sets of jumpers were used to obtain the equivalent of the simpler 
^Model BL 320 manufactured by the Brush Electronics Company. 
2 
Model BL 222 manufactured by the Brush Electronics Company. 
Figure 7. Schematic diagram of circuits for oil concentration and agitator speed measurements 
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three-position switch shown in the schematic diagram. The potentiometer, 
PI, had a resistance of 100 ohms and was used to provide a voltage input 
to the bridges of 2-volts peak to peak from the 2-kilocycle oscillator 
contained in the Brush Analyser. Breaker points operated by a cam on the 
model tank agitator shaft were used to switch a second event marker to 
indicate agitator rotation on the oscillograph chart. 
Probe calibration 
For calibration, the probes were placed in a Waring blender contain­
ing UOO milliliters of emulsion serum. Emulsion cream was added to the 
serum in small increments with a burette. Following the blending of each 
addition of emulsion cream with the serum, the Brush oscillograph response 
was noted. It was observed that as long as the agitation provided by the 
blender did not cause visible entrainment of air into the emulsion, agita­
tion alone did not change the oscillograph response. Blender speed was 
controlled with an autotransformer to prevent excessive entrainment of air. 
Figure 8 shows the oscillograph pen deflections for one probe plotted 
against the percentage oil for the mixtures. The percentage oil shown is 
that in excess of the initial 0,6 percent contained in the serum. Four 
runs were made with cream containing three different concentrations of oil. 
Preliminary studies made in the model tank using both three-probe and 
single-probe recording showed that small concentration fluctuations 
continued after nearly constant concentration was indicated. This behavior 
is illustrated in the sections of the oscillograph charts shown in Figure 
9. Because of the variable persistence of the fluctuations, it was consid­
ered necessary to arbitrarily define the agitation time required for 
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Figure 8. Probe calibration curve 
Figure 9. Sections of two oscillograph charts (Chart speed: 
5 millimeters per second to the left. Chart # 2P: 
three-probe recording. Chart # 39P: single-probe 
recording) 
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mixture uniformity, t, as the agitation time required for the chart 
recordings to come within and remain within one chart line (one milli­
meter) of the steacfy value. This deviation corresponded to a deviation 
of 0.19 percent oil from the mean value of $.0 percent. 
Probe location 
For moderate to high agitator speeds, some pegging of the pen was 
noted. This was minimized without sacrificing recorder sensitivity by 
placing the probes relatively near the tank floor and walls. Three-
probe and single-probe recording were both satisfactory under these 
conditions, but single-probe recording did not involve the dependence on 
good switch contacts as with three-probe recording. Therefore, single-
probe recording was selected for use in the model testing with the probe 
located at a fixed position 3.75 inches from the tank walls and with the 
electrode tips one inch above thé tank floor. 
Tests 
In organizing the tests, the following tank and agitator dimensions 
were considered: 
Tank width W 
Tank length Z 
Liquid depth H 
Agitator paddle length d 
Agitator paddle width h 
Agitator paddle location 
horizontal e 
vertical a 
These seven physical dimensions are further defined in Figure 10. From 
39 
W 
•e-H 
a d 
H 
Figure 10. Symbols for tank and agitator dimensions 
ho 
these dimensions, six independent ratios were formed: d, h, Z, H, e and a. 
W g w vT z H 
The particular values of the ratios tested are shown in Table 1. 
While vaiying any one of the ratios, the other five ratios were held 
constant at the starred values indicated in Table 1. For each of these 
combinations at least four agitator speeds were used. 
Table 1. Length ratios investigated 
d h z H e a 
W w w W Z H 
8 1.25 m* 12* 0* 6* 
29.1 29.1 29.1 29.1 ur TT 
12* 2.<0* 37 9 u 5 
m 29TT 29.1 WTL ET 12 
16 3.75 33 6 8 h 
29.1 29.1 29.1 2TTÎ HT T2 
20 29 12 3 
277T 29.1 ÏÏI 17 
Large model 
The large model tests were conducted with the tank width, W, held 
constant at 29.1 inches. To obtain the d values shown in Table 1, paddles 
W 
1, 2, 3, and li in Figure 5 were used. The h values were obtained with 
W 
paddles U, 5 and 6. Tank length was varied through the use of the movable 
partition as shown previously in Figure 3 to obtain the Z values. Thor-
oughly mixed emulsion was withdrawn from the tank to change the value of 
H. The e values were obtained by moving the agitator drive assembly and 
17 2 
the ^  values by raising or lowering the agitator shaft. 
kl 
Intermediate model 
A smaller model tank was formed by setting the movable partition 
20.6 inches from one end of the basic tank, thereby obtaining a Z value of 
W 
29.1 which was equal to the starred Z value of Ul.O. Also, only the 
753 CT 7FJ 
starred values of the other five length ratios were used for tests with 
this model. Starred h and d values were obtained by using a 1.75-inch 
w w 
by 8.5-inch paddle which was paddle 7 shown in Figure 5* An emulsion 
depth of 8.5 inches was used and the agitator was moved to the starred 
e and a values. 
Z H 
Small model 
The smallest model used is shown in Figure 11. A thermal setting 
cement was used to bond together the ends and sides of the inner tank. 
This assembly was sealed to the common tank floor with rubber base cement. 
Water was used in the interspace between the tanks to balance the hydro­
static pressure of the emulsion in the inner tank. 
The inside dimensions of the inner tank were reduced to one-half 
those of the basic tank to give the starred Z value of 20.5 Ul.O. The 
W HT3" = WTL 
starred values of the other five ratios were obtained with a 1.25-inch by 
6.0-inch paddle, a 6.0-inch emulsion depth and proper agitator positioning. 
As with the intermediate model, only the starred length ratio values were 
used for the small model tests. 
Figure 11. Small model tank 

hh 
Emulsion condition- for tests 
An effort was made to provide constant emulsion temperatures for the 
tests so that the density ratio Q 1 would be nearly constant. Reasonably 
è 
constant temperature was also needed to provide Reynolds and Froude 
similarity between a particular model and its prototype. Emulsion temper­
ature was measured after each test with a mercury-in-glass thermometer 
with 0.2-degree Fahrenheit graduations. 
The same emulsion formulation containing 5.0 percent oil by volume 
was used for all tests. A one-hour time interval between tests was used 
to permit stratification of the oil. The degree of stratification was 
examined by drawing samples from various depths with a $0 milliliter 
pipette. From a total emulsion depth of 12 inches, samples obtained from 
5.5, 8.0 and 10.5-inch depths all contained 1.1 percent oil, while samples 
from a 3.0-inch depth contained H.l percent oil. Samples from near the 
center of the 0.1t7-inch visible cream layer contained ItO percent oil. For 
a total emulsion depth of 6 inches, the visible cream layer was also 
0.k7 inches thick, but samples from the center of it contained 1.1 percent 
oil. Samples from 2.0 and L.0-inch depths contained 1.1 percent oil. The 
methods used in determining the oil content of the samples are described 
in Appendix A. To check the constancy of the degree of stratification 
obtained with the one-hour time interval, cream layer thickness was checked 
with calipers prior to each test. 
U5 
RESULTS AND DISCUSSION 
The results obtained from the model tests are presented in terms of 
2 the dimensionless quantities cut and Reynolds number, Coud . The factor 
~Trr m 
1 was used with cot to form the more conventional measure of agitator 
TfT 
rotation: revolutions. The paddle length, d, was used in the Reynolds 
number, ?&-)<£ , obtained in the dimensional analysis. 
M 
Following the presentation of the results in terms of dimensionless 
quantities, predictions of prototype agitation time required for mixture 
uniformity are given in terms of paddle tip velocities. 
Large Model Tests 
Figures 12 through 17 show the results for the large model tests in 
which only one length ratio was varied while the remaining five length 
ratios were held constant at the starred values given previously in Table 
1. To provide a basis for comparison, the curve representing the tests 
in which all six starred values were used is shown in all figures. The 
data on which the curves are based are given in Table 3, Appendix B. 
Results for tests with four d values are given in Figure 12. The 
apparent translation of the curves to the right with increasing paddle 
length may be largely caused by differences in tip velocities of the 
paddles. This may be further explained by the fact that the Reynolds 
p 
number values were obtained through varying cod , which for a given 
Reynolds number caused paddle tip velocity to be inversely proportional to 
paddle length. Thus, the Froude number also may be involved, as it is 
I  
Figure 12. Agitator revolutions vs. Reynolds number for various paddle lengths 
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the variable which accounts for the paddle velocities required to create 
similar surface roughness and also to force lower density emulsion cream 
into mixtures at similar rates. 
Total quantity of flow does not appear to be an important factor in 
the separation of the curves in Figure 12. The work of Van de Vusse (2U) 
and Rushton _et al. (21) shows that the quantity of flow induced by paddles 
in many sizes of tanks under many conditions is directly proportional to 
o 
co d . Therefore, in this situation where Reynolds number values were 
2 
obtained by varying u> d , a total quantity of flow directly proportional 
to Reynolds number could be expected. 
The curves in Figure 13 show the results of tests in which the h 
W 
ratio was varied through the use of 1.25-inch and 3•75-inch-wide paddles. 
Large increases in agitator revolutions were required with the 1.25-inch 
paddle for uniformity of mixtures. 
Figure lU shows the effect of varying the Z ratio through changes in 
W 
tank length. In general, fewer agitator revolutions were required for the 
29, 33 and 37-inch tanks than for the Ul-inch tank. 
The effect of decreasing emulsion depth to 6.0 inches and to 9.0 
inches is shown in Figure 15. The agitator depth was adjusted to maintain 
an a value of 0.5, thus providing variation of the H ratio only. Through-
H W 
out most of the range of the Reynolds numbers studied, a greater number of 
agitator revolutions were required for the 6.0-inch depth than for the 
9.0-inch depth. 
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Figure 13. Agitator revolutions vs. Reynolds number for various paddle 
widths 
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Figure lit. Agitator revolutions vs. Reynolds number for various tank 
lengths 
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Figure V~>. Agitator revolutions vs. Reynolds number for various liquid 
depths 
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As shown in Figure 16, when the agitator was operated in positions 
which were h, 8 and 12 inches off-center, no systematic changes in 
required agitator revolutions were noted with increasing values of 11 e". 
While operating in the 12-inch, off-center position, the tip of the paddle 
moved to within 2.5 inches of the tank wall. The influence of this 
increased restriction on the motion of the liquid as it moved away from 
the paddle did not appear to have the unfavorable effect on mixing found 
by Van de Vusse (2U) in his work with cylindrical tanks. 
In Figure 17 results are shown for tests in which the a values were 
H 
varied through lowering the agitator to positions 5.0, U.O and 3.0 inches 
from the tank floor. Lowering the agitator from the 6.0 to the 5.0 and 
from the 5.0 to the b.0-inch positions increased the agitator revolutions 
required for mixing. 
Intermediate and Small Model Tests 
The curves representing the results of the intermediate and small 
model tests are shown in Figure 18. The test data is given in Tables U 
and 5, Appendix B. The curve for the large model with the starred length 
ratio values of Table 1 is repeated for comparison with the intermediate 
and small model curves. All three tanks and agitators were geometrically 
similar. The tank widths represented are 29.1, 20.6 and lit.6 inches. 
The separation of the curves for these three sizes of models indi­
cates the favorable influence of large Froude numbers in mixing. Using 
paddle length, d, in a Froude number of the form OJ2 obtained in the 
g 
dimensional analysis, points on each of the curves with this Froude number 
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Figure 17. Agitator revolutions vs. Reynolds number for vertical 
positions of agitator 
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Figure 18. Agitator revolutions vs. Reynolds number for three 
geometrically similar tank and agitator combinations 
56 
equal to 0.1*7 were plotted. These points were connected with a dashed 
curve to show the approximate influence of Reynolds number alone. 
It appears that no one simple, physically significant quantity will 
correlate all of the data for the three models. For example, paddle tip 
velocity was used as the abscissa in Figure 19, and it may be observed that 
the curves are reversed in the order from those in Figure 18. Since the 
2 Froude number is proportional to w d, it follows that further separation 
of the curves in Figure 19 would be obtained if Froude number instead of 
tip velocity were used as the abscissa. 
As may be noted in Figure 20, the quantity co  ^ d-^ correlates most of 
2 9 the data from the three models better than co d, co d or cod . Although 
this improved correlation could result from the influence of both the 
2 3 Reynolds and Froude numbers, a correlation with co d would also result 
from dominate influence of a Weber number of the form C60obtained in 
E 
the dimensional analysis. 
Prediction of Prototype Performance 
Six curves illustrating the application of the model data to proto­
type equipment are shown in Figure 21. The curves show the predicted 
agitation time required for mixture uniformity as a function of prototype 
paddle tip velocity. Curves 1, 2, 3 and U were constructed with values 
taken from the four curves in Figure 12, while the curves of Figure 18 
were used to construct curves 5 and 6. Curve 7 was developed from the 
curve h = 1.25 in Figure 13. The length scales for the transformation 
were calculated on the basis of the mean emulsion temperature for the 
particular series of model test and milk temperature of 36 degrees 
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Table 2. Data for prediction curves 
Prototype 
Length d volume, 
Curve scale W gallons 
1 2.03 8/29.1 520 
2 2.03 16/29.1 520 
3 2.03 20/29.1 520 
it 2.03 12/29.1 520 
5 2.06 8.5/20.6 193 
6 1.99 6.0/llt.6 61 
7 2.03 12/29.1 520 
Fahrenheit. The length scales, d ratios and prototype volumes associated 
W 
with each curve are shown in Table 2. 
The curves of Figure 21 indicate the feasibility of mixing milk in 
less than 3 minutes with a wide range of paddle lengths and tank sizes so 
long as a paddle tip velocity of nominally 2.2 feet per second is used. 
Curve 7, however, does not fit this pattern, indicating the unfavorable 
influence of paddle widths which are small relative to tank dimensions. 
Since the points for various Z, H and e ratios fell either near or below 
W ¥ z 
the curve for the basic system as shown in Figures lit, 15 and 16, the 
agitation time-speed relationship for these conditions has curve it as an 
approximate upper limit. The effect of a ratios less than 6 was to 
ïï T2 
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increase required agitation time, but to a lesser extent than did the 
h value of 1.2$. 
W WJ-
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SUMMARY AMD CONCLUSIONS 
Insufficient information has been available on which to base the 
design of mechanical agitation equipment for farm bulk milk tanks. This 
has been due to the exacting requirements for the mixing and to the 
peculiar conditions under which the mixing must be conducted. The impel­
ler must be of a simple configuration to permit ease of cleaning. Also 
rectangular rather than cylindrical tanks common to other industries are 
used due to suitability for farm use. Further, the agitation equipment 
must provide adequate mixing with variable volumes of milk loading and yet 
not over-agitate and damage the quality of the milk. 
The mixing of milk was studied experimentally in model equipment 
using an oil in water emulsion to simulate milk. The suitability of the 
emulsion as a simulated milk was based on the densities of the continuous 
and dispersed phases, the viscosity of the continuous phase, the influence 
of the dispersed phase upon viscosity and oil globule size. The kinematic 
viscosity of the emulsion made it possible to use models whose physical 
dimensions were one-half those of their prototypes. 
For the model testing, a one-hour period for creaming was used to 
provide cream layers similar to those formed on milk. Uniformity of the 
mixtures was determined by measuring the oil concentration of the emulsion 
mixtures with a two-electrode probe which formed one leg of an alternating 
current bridge. Agitation time required for mixture uniformity was taken 
to be the agitation time required for the oil concentration measurement to 
differ by not more than - 0.19 percent from the mean value for the entire 
tank. 
6 k  
Based on the investigation of milk mixing in bulk tanks using models, 
the following conclusions were drawn; 
1. For the low levels of agitation used in bulk milk tanks, 
viscosity and gravity appear to be important factors 
influencing mixing. To definitely establish the degree of 
importance however, further investigation of the influence 
of interglobular bonding tension is needed. 
2. Agitation time requirements in the 2 to 3-minute range are 
closely correlated with paddle tip velocity for a wide range 
of tank sizes and agitator arrangements, provided that paddle 
width relative to tank size is sufficiently large. 
a. The agitation time requirement is increased when the 
ratio of paddle width to tank width is decreased 
from 0.086 to 0.0li3 for a liquid depth to tank width 
ratio of O.Iil. 
b. The influence on required agitation time of hori­
zontal off-centering of the agitator with respect to 
the tank is small for tanks with length to width 
ratios as large as l.L. 
c. Required agitation time is decreased slightly when 
the tank length to width ratio is reduced from l.l'l. 
d. Lowering the agitator paddle to positions below the 
liquid mid-depth increases the agitation time 
requirement. 
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RECOMMENDATIONS 
Agitation for Bulk Milk Tanks 
For bulk milk tanks in the 60 to $00 gallon range with length to 
width ratios up to l.U, it appears that uniform mixtures may be obtained 
with 2 to 3 minutes of agitation when using paddle tip velocities of 
approximately 2.2 feet per second. For this velocity, it appears that a 
ratio of paddle width to full tank depth of at least 0.2 would be neces­
sary. If smaller values of this ratio were used, higher paddle tip 
velocities would probably be required. 
To provide agitation for low milk volumes, the agitator paddle must 
of necessity operate near the tank floor. Some increases in required 
agitation time could be expected by lowering the center line of the paddle 
from the liquid mid-depth to positions nearer the bottom of the tank. To 
largely compensate for the agitation time increase, it is believed that 
increasing the paddle width so as to provide a ratio of paddle width to 
total liquid depth slightly greater than 0.2 would be sufficient. 
A broad range of paddle lengths would be satisfactory for mixing. 
However, for the high rotational velocities required with short paddles, 
the agitator vortex formed might result in foaming and a milk quality 
problem. The greater power requirements for long paddles does not appear 
to be a problem since bulk tank manufacturers have found it more econom­
ical to use modular motor sizes with power output ratings which greatly 
exceed the requirements. On the other hand, the larger gear reductions 
necessary with long paddles are usually a disadvantage. Therefore, 
considering both the agitator drive and milk quality, moderate paddle 
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lengths appear to be most desirable. 
It appears that horizontal off-centering of agitators in bulk milk 
tanks would not appreciably change the agitation time required to obtain 
uniform mixtures. In cases where it is advantageous in tank construction 
to use off-centering, consideration of such an arrangement appears to be 
justified. 
Further Study 
It is recommended that tests of prototype bulk milk tanks be con­
ducted to provide information for use in checking the accuracy of the 
predictions based on the model results. Some agreement was noted between 
the predictions and some published results; however, the peculiarities 
of the equipment and the testing methods used in obtaining the results 
reported in the literature preclude detailed or complete checking. For 
example, in tests conducted by Liska and Calbert (12) on a l$0-gallon, 
rectangular tank, agitation was provided in 15-second increments with 
dipper sampling following each of these short periods. 
The suitability of the model emulsion was based, among other things, 
on the similar influence in milk and model emulsion of the dispersed 
phase upon viscosity. The relative viscosity considered was that obtained 
under steady conditions in a rotating viscometer. Other conditions should 
also be investigated, since the operation of the rotating instrument would 
have caused mixing of the emulsion cream and separation of clusters of 
oil globules. Clustering of fat globules also occurs in milk, but in 
neither case has the extent of thixotropic behavior resulting from this 
clustering been thoroughly investigated. Information concerning the 
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conditions under which thixotropic behavior is important in mixing would 
be helpful in solving many mixing problems. 
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APPENDIX A: MEASUREMENTS 
Viscosity Measurement 
A size 50 Ostwald-Fenske capillary viscometer designed for the 0.8 
to 3.0 centistoke range was used to measure the kinematic viscosity of 
the emulsion serum. The instrument was partially immersed in a water 
bath with cooling coils and a thermostatically controlled heater. Four 
temperatures were used with three tests at each temperature. The vari­
ation between the tests at any one of the four temperature levels was less 
than 0.5 percent. Distilled water was used for calibration. The temper­
atures and mean flow times were -
Mean flow time, 
Liquid Temperature, F. seconds 
Water 67.8 318 
Emulsion 67.8 3h9 
Emulsion 69.? 3hU 
Emulsion 72.2 330 
Emulsion 7U.8 320 
The kinematic viscosities plotted in Figure 2 are directly proportional 
to the flow times based on the kinematic viscosity of the water of 10.88 
(10~^) square feet per second. 
A Fisher-Mac Michael viscometer with a number 3b torsion wire, a 
standard 185 milliliter cup and disc plunger was also used to measure 
emulsion viscosity. By adjusting the temperature of sucrose solution 
which had viscosities nominally the same as emulsion viscosities, it was 
possible to obtain nearly identical cup speed-plunger deflection rela­
tionships as shown in Figure 22. The emulsion serum and cream viscosities 
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Figure 22. Viscometer plunger deflection vs. cup speed 
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were taken to be the viscosities of the respective sucrose solutions as 
given by Bingham and Jackson (3). Viscosities of the emulsion serum and 
the emulsion cream were also obtained for two other temperatures by assum­
ing direct proportionality between the plunger deflection at a cup speed 
of I46 rpm and viscosity. The values obtained are: 
Temperature, Viscosity, 10"^ slugs 
°F. per foot-second 
E.nulsion serum, 0.5 percent oil 
66 .2  23 .2  
71.5 22.1 
75.0 21.8 
Emulsion cream, 39 percent oil 
68.0 102 
72.0 99 
75 Ji 9k 
Oil Concentration Measurement 
The oil concentration of the emulsion samples taken from the model 
tanks with pipettes was determined by Babcock method as outlined by 
Harrington (8). Sulfuric acid with a specific gravity of 1.82$ was used 
to break the emulsion. A lU-inch centrifuge heated to lUO degrees Fahr­
enheit and operated 900 rpm was used to force the oil into the necks of 
the bottles which had a 0.2 milliliter graduations. Three centrifuging 
periods of 5, 2 and 2 minutes were used for each sample tested. The 
volume of the fat columns was read after the bottles were cooled to 70 
degrees Fahrenheit. 
Ik 
A Westfall Balance was used to measure the oil concentration of the 
samples of emulsion cream. Some of the results obtained with the balance 
were checked using the Babcock method. Agreement within 1.5 percent oil 
was noted. 
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APPENDIX B: TEST DATA 
Table 3. Large model test data3. 
Required 
Required agitation Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. ICp 
1 38 73.2 69.2 278 
2 Ll 71.L 68.2 291 
3 62 133.0 68.2 2L7 
L 70 165.0 68.L 22$ 
5 103 27b.0 68.6 200 
6 95 2LL.0 68.8 207 
7 co = 1.92 radians per second, 69.0 163 
mixing incomplete 
8 79 198.6 69.2 213 
9 72 169.6 69.0 227 
10 45 83.6 69.8 290 
11 32 $2.0 69.8 332 
Tests 12 through 15: d = 16 
17 
12 62 217.0 70.0 275 
13 36 98.6 70.0 371 
Ik 38 81.2 70.k 436 
15 LL 126.2 70.6 339 
Tests 16 through 19: d 20 
ÏÏ - WJ 
16 23 71.0 70.8 275 
17 25 87.0 71.0 L37 
18 51 222.2 71.0 350 
19 25 69.0 71.0 5<i 
^Starred length ratios of Table 1 except as noted. 
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Table 3 (Continued). 
Required 
Required agitator Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. leP 
Tests 20 through 23: d 8 
W ~ 29TÏ 
20 to = 2.66 radians per second, 71.0 103 
mixing incomplete 
21 1$4 212.U 71.2 177 
22 102 108.0 71.0 230 
23 97 97.0 71.0 244 
Tests 2k through 27: h 1.2$ 
17 = WTL 
24 96 l$o.6 71.0 103 
2$ 128 233.8 70.8 300 
26 to = 2.70 radians per second, 71.0 236 
mixing incomplete 
27 7$ 10$.0 71.0 392 
Tests 28 through 31: h _ 3.7$ 
w ~ 273 
28 30 44.4 71.2 371 
29 3k $7.0 71.4 329 
30 43 82.4 71.4 288 
31 62 16$.2 71.4 206 
Tests 32 through 36: a $ 
ÏÏ - H 
32 64 13$.6 71.4 260 
33 87 223.6 71.6 21$ 
34 no test 
3$ 46 82.2 71.6 309 
36 39 61.4 71.6 3$1 
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Table 3 (Continued). 
Required 
Required agitator Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. 1CK 
Tests 37 through 4l: a 4 
H = 15 
37 82 177.2 71.6 256 
38 w= 2.36 radians per second, ?1.8 208 
mixing incomplete 
39 47 73.4 72.0 356 
40 46 78.8 71.8 324 
41 46 76.8 71.8 324 
Tests 42 through 45: a 3 
ÏÏ = T? 
42 45 77.4 71.8 322 
43 38 56.0 71.6 375 
44 64 129.6 71.6 273 
45 97 236.0 71.6 228 
Tests 46 through 50: e 12 
z = urnj 
46 44 62.4 71.8 390 
47 4l 83.4 72.2 274 
48 co = 2.55 radians per second, 72.2 226 
mixing incomplete 
49 ^ 42 71.2 72.2 329 
50 36 52.4 72.2 383 
Tests 51 through 54: e 8 
z - ÏÏEÏÏ 
51 5i 101.2 72.2 281 
$2 55 131.2 72.2 233 
53 44 70.8 72.2 346 
54 29 41.0 72.2 394 
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Table 3 (Continued). 
Required 
Required agitation Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. 103 
Tests 55 through $8: e U 
z= utto 
55 U 86.8 72.a 276 
$6 61 150.6 72.2 226 
$ 7  3 1  5 6 . 7 2 . 2  3 3 6  
58 kl 59.L 72.L 385 
Tests 59 through 63: Z 33.0 
W = 77TT 
59 39 90.2 72.L 2a.2 
60 3 5 76.6 72.a 2$a 
61 61 156.0 72.2 218 
62 3h 57.a 72.2 330 
63 25 37.8 72.2 368 
Tests 6a through 67: Z 29.0 
t(T = WTL 
6a 32 67.0 72.2 266 
65 ai 102.8 72.2 222 
66 32 5a.6 72.a 327 67 23 3a.a 72.6 37a 
Tests 68 through 71: Z 37.0 
17 = 7971 
68 31 6a.2 72.8 270 
69 ai 103.2 72.8 223 
70 37 62.8 72.8 330 
71 30 a5.6 72.6 369 
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Table 3 (Continued). 
Required 
Required agitation Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. 1Cr 
Tests 72 through 76: H _ 9 
w = W3 
72 30 62.2 72.6 270 
73 53 1L7.0 72.6 202 
7k 32 5L.8 72.L 326 
75 37 63.6 72.0 323 
76 33 53.0 72.0 3L6 
Tests 77 through 80: H 6 
g ~ 29.1 
77 $2 123.L 71.1 232 
78 k6 102.8 71.1 2k6 
79 3b 63.2 71.6 298 
80 36 67.8 71.6 29k 
Table lu Intermediate model test data 
Required 
Required agitation Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F. iq3 
81 108 189.8 71.8 157 
82 69 102.8 71.6 181 
83 70 101.8 71.k 188 
8U h9 62.1; 71.L 215 
85 Ul U2.8 71. h 263 
86 33 31.2 71 Ji 291 
SO 
Table $. Small model test data 
Required 
Required agitation Emulsion Reynolds 
agitator time, temp., number 
Test number revolutions seconds °F„ ic3 
87 38 28.6 68.6 176 
88 38 31.0 66.2 163 
89 61 53.2 67.8 151 
90 133 - 150.6 67.1 115 
91 95 93.0 67.0 132 
92 2b 16.2 66.6 191 
93 bS 35.ii 66.2 163 
9b U3 31.6 66.0 17)4 
95 32 21.b  65.6 191 
96 23 111.il 65.0 202 
97 27 lb.6 6k.8 233 
98 23 lit.2 6b.8 20b 
99 105 10b.2 6b. 6 127 
100 27 12.8 6b.8 266 
